This study was aimed to determine whether ethanol exposure during early development altered neurogenesis in the brain of adult rats. Methods: Pregnant rats were given either ethanol-mixed or mannose-mixed (for control) rodent liquid diet ad libitum. Ethanol drinking continued during pregnancy and nursing. After weaning, the pups (AC o : pups from control mothers, AE o : pups from ethanol exposed mothers) received normal diet and water ad libitum for 11 weeks. Then the rats were anesthetized, their brains were collected and the hippocampal samples were processed for isolation of neural progenitor cells (NPCs). AC o NPCs and AE o NPCs were sequentially grown in media containing different growth factors that induced proliferation and differentiation. Results and Conclusions: Neuronal maturation was significantly delayed in ethanol-exposed rats. AC o NPCs, up to day 7 of culture, exhibited high β-catenin-probe binding, an increase in Ca 2+ when exposed to γ -amino butyric acid (GABA) and lack of response to glutamate (Glu) exposure. β-Catenin-probe binding and the stimulatory effects of GABA declined thereafter. AC o NPCs, at culture day 29, exhibited high β-catenin-probe binding, lack of response to GABA and elevated Glu-induced increase in Ca 2+i . Cultures of AE o NPCs showed an amplified stimulatory effects of GABA, attenuated stimulatory effects of Glu and attenuated the delayed (culture day 29) increase in the expression of Wnt proteins and β-catenin-probe binding. This suggests a significant alteration in neurogenesis and synapse formation in adult rats exposed to ethanol at early development through their alcohol-drinking mothers.
INTRODUCTION
Until recently, neurogenesis in mammals was considered to occur only during the embryonic and early post-natal periods and to have no significant role in the adult nervous system. However, it is now accepted that neurogenesis occurs in adult brains, especially in hippocampus in which new neurons arise from a resident population of neural progenitor cells (NPCs) that are maintained throughout adult life (Kempermann et al., 1997 (Kempermann et al., , 2004 Kempermann and Gage, 1998; Cameron and McKay, 2001; Christie and Cameron, 2006; Klempin and Kempermann, 2007) . Also, new synapses are continually formed in the adult brain in response to sensory stimulation (van Praag et al., 2002; Dietrichs, 2007; Toni et al., 2007) . Abnormal neurogenesis in the brain may be etiologically related to a number of brain disorders including Alzheimer's disease (Maccioni et al., 2001; Galvan and Bredesen, 2007; Kuhn et al., 2007) and depression (Pittenger and Duman, 2008) . Earlier studies have shown that alcohol drinking during pregnancy alters the course of fetal brain development leading to neuronal and behavioral abnormalities during adulthood (Bookstein et al., 2006; Nixon, 2006; Ieraci and Herrera, 2007) possibly by impairing neurogenesis in adult brain (He et al., 2005; Crews et al., 2006; Klintsova et al., 2007) .
Neurogenesis in adult brain is regulated by an interplay between canonical Wnt-β-catenin signaling pathways and noncanonical Wnt signaling associated with nuclear factor kappa B (NFκB), intracellular Ca 2+ and mitogen-associated protein kinase (MAPK) pathways (Nakayama et al., 2003; Wang and Malbon, 2003; Katoh and Katoh, 2006; Hirsch et al., 2007; Machon et al., 2007; Malaterre et al., 2007) . Wnt proteins are a number of palmitoylated glycoproteins that are secreted by the astroglial cells in the brain (Huelsken and Birchmeier, 2001; Huelsken and Behrens, 2002; Ciani and Salinas, 2005) . The canonical pathway has been shown to regulate the embryonic development and adult-brain neurogenesis via low-density lipoprotein receptor-related protein (LRP) and frizzled (Frz) receptors (Bonnert et al., 2006; Lee et al., 2006; Hirsch et al., 2007; Malaterre et al., 2007; Machon et al., 2007) . Along with Wnt, regulated changes in the cytosolic Ca 2+ concentration (Ca 2+i ) also play a critical role in regulating different stages of early brain development and neurogenesis (Faure et al., 2001; Weissman et al., 2004; Leclerc et al., 2006) . Ca 2+i changes by cyclical generation of Ca 2+ release from intracellular Ca 2+ stores via inositol-1,4,5-trisphosphate receptors (Ip3R) (Ciapa et al., 1994) and/or influx of extracellular Ca 2+ via different types of Ca 2+ channels in plasma membrane (Berridge et al., 1999; Berridge, 2007) . In the brain, Ca 2+i fluctuations underlie maturation and migration of progenitor cells (Komuro and Rakic, 1996) that is mediated by γ -amino butyric acid (GABA) and a number of growth factors including brain-derived neurotropic factor (BDNF) and basic fibroblast growth factor (FGF) (Behar et al., 1996 (Behar et al., , 1998 (Behar et al., , 2001 . Thus, the homeostatic mechanisms that regulate Ca 2+i are critical to the complex process of adult-brain neurogenesis. Since effects of prenatal ethanol exposure on Wnt and Ca 2+ signaling in adult brain is not fully known, the goal of the present investigation was to establish a possible role of Ca 2+i and Wnt signaling pathways in ethanol-induced abnormalities in proliferation and differentiation of adult-brain NPCs isolated from adult brain exposed to ethanol during early development. The hypothesis is that ethanol exposure during early development impairs hippocampal neurogenesis and synaptic formation in adult brain. rats received ethanol-mixed LDR where 36% of total calories came from ethanol (LDR-36) ad libitum and group 3 (normal control) rats received normal food pellets and water ad libitum. Rats of groups 1 and 2 received two 30-min sessions of pure water to avoid dehydration and nonnutritive nylon Nylabone (Bio-Serv, Frenchtown, NJ, USA) to maintain gnawing and chewing behaviors. After birthing, lactating mothers continued to receive their respective diets during lactation. After weaning, offspring from the two pregnant-rat groups were termed AC o (from mother that did not receive alcohol) and AE o (alcoholdrinking mothers) rats, respectively. AC o and AE o rats received normal food pellets and water ad libitum. The 70-day-old AC o or AE o rats were anesthetized by allowing them to inhale isoflurane. Their blood was collected from abdominal aorta. Then, they were decapitated, their skull was opened and the brain was removed and frozen in liquid nitrogen. Each frozen brain was sectioned and samples from the hippocampus region were collected and processed for isolation of the progenitor cells.
For determining whether or not the rats experienced stress during shipping, a group of in-house pregnant rats were allowed to give birth and the pups were given routine normal diet and water ad libitum (control rats). After weaning, mothers were anesthetized and their brains were collected as above. At day 70, the pups were anesthetized and their brain was collected as above. The brains from the AC o , AE o and control rats were dissected and hippocampus samples were collected. The samples were analyzed for corticotropin-releasing factor (CRF) contents as described later. The animal experiment protocol was approved by the Animal Usage Committee of the University of Minnesota.
Analysis of blood ethanol and acetaldehyde concentrations. A gas chromatographic method previously described (Singh et al., 2007) was used to measure blood ethanol and acetaldehyde concentrations.
Brain CRF. Brain hippocampus samples were analyzed using a radioimmunoassay method previously described (Singh, 2002) .
Isolation of neural and endothelial progenitor cells using anti-prominin1 coupled magnetic microbeads. Brain hippocampus samples were obtained from adult control rats or adult rats exposed to ethanol during developmental stage ethanol-fed or control rats. The samples were minced and placed in a medium containing Papain 13.2 U/ml (Sigma, St Louis, MO, USA) for 10 min and then DNAse 200 U/ml (Sigma) for 5 min. The dissociated suspension was passed through a 70-µm strainer (BD Biosciences, San Jose, CA, USA) and resuspended in Dulbecco's Modified Eagle's Medium (DME) containing 20% FCS. The dead cells were removed using a dead cell removal kit (Miltenyi Biotech, Auburn, CA, USA). Then the cells were labeled with magnetic beads coupled with anti-prominin-1 (CD-133) as previously described (Uchida et al., 2000; Marzesco et al., 2005) . The mixture was separated using LS columns (Miltenyi Biotech, Auburn, CA, USA) and progenitor cells bound to the column were eluted using an elution buffer provided in the kit. The eluted cells were depleted using CS depletion columns (Miltenyi Biotec, Gladbach, Germany) and unlabeled cells that passed through the column were collected.
Separation of endothelial progenitor cells from NPCs. Endothelial progenitor cells were separated from nuclear cells by using an endothelial-selective anti-CD11 MicroBeads as described above. The depleted cells were incubated with anti- CD11 MicroBeads and the mixture was poured onto an LS column. The efflux containing neural cells were collected. The endothelial cells were eluted from the column and depleted using a CS depletion column.
Immunohistochemistry. Adult-brain progenitor cells, at different stages of growth, were fixed in 4% (wt/vol) paraformaldehyde in phosphate buffered saline (PBS), pH 7.4. After 1 h, the cells were centrifuged at 10 000 g for 15 min, fixing solution was aspirated out and the cells were incubated in a blocking solution (10% normal serum of the host species of the secondary antibodies and 0.2% Triton X-100 in PBS) for 2 h. Then the samples were mixed with different primary antibodies shown in Table 1 . All samples were placed into a humid chamber and incubated overnight at 4
• C with gentle agitation. After incubation, the samples were centrifuged, the antibody solution was aspirated and the cells were incubated in PBS containing 10% normal serum of the species in which the second antibodies were raised and dispersed to achieve homogeneous cell suspension. The cells were incubated in a secondary antibody solution listed in Table 1 . Samples were incubated for 2 h at room temperature and then washed three times with PBS. After final wash, the cells were incubated in PBS and dispersed to achieve homogenous suspension. The specimens were spread onto a slide and covered with a coverslip that is calibrated for microscopy. The cells were examined under a confocal microscope (FV500) with blue diode (405 nm), argon (488 nm), green helium neon (543 nm) and red helium neon (633 nm) lasers (University of Minnesota Core facility). Automated software controlled the FV500 lasers, filters, and BX61 microscope.
Proliferation and differentiation of brain progenitor cells (Fig. 1 ). NPCs were resuspended in ice-cold neurospheremedium [consisting of Dulbecco's Modified Eagle Medium: Nutrient Mixture F-12 (DMEM/F12), 5 mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (Hepes) buffer, 0.3% glucose, 0.025 mg/ml insulin, 0.1 mg/ml transferrin, 0.06 mM putrescine, 30 nM sodium selenium] in the presence of 10 ng/ml FGF2 (Sigma) for 7 days. The starting cell concentration was set at 2.0-5.0 × 10 5 cells/ml. This resulted in self-renewal of NPCs that appear as cluster (Fig. 1) incubated in a culture medium 1 (Cm1) consisting of DMEM with B27, Hepes (10 mM), penicillin (100 U/ml), streptomycin (100 U/ml), fungizone (2.5 µg/ml), glutamine (2 mM), recombinant EGF (20 ng/ml), neurotrophin 3 (NT3, 20 ng/ml), B12 (0.5 µg/ml) and platelet-derived growth factor AA (PDGF-AA, 100 ng/ml) for 7 days. Cm1 allows the NPCs to proliferate into identical second-generation cells. At day 7, Cm1 media was aspirated and the cells were inoculated in culture media 2 (Cm2) consisting of DMEM mixed with 3% fetal calf serum (FCS), NT3 and PDGF-AA (Cm2) for 4 days. The mitogen withdrawal and FCS will induce differentiation of GPCs into astrocytes (Carpenter et al., 1999; Ostenfeld and Svendsen, 2004) . At day 11, the cells were grown in culture media 3 (Cm3) consisting of a serum-free DMEM mixed with NT3, PDGF-AA for 7 days. This will favor differentiation of the cells into oligodendrites (Baron et al., 2000) . Finally, at day 18, the cells were dissociated and re-plated in 24-well plates containing culture media 4 (Cm4) consisting of DMEM, FBS, NT3, PDGF-AA, FGF and EGF 3000 cells/well. In these cells, FGF2 (20 ng/ml) will generate mature neurons, while EGF will generate astrocytes and oligodendrocytes. The cells were incubated for up to 14 days (culture day 32) at 37
• C in 5% CO 2 . Isolation of synapsinIII ± cells. Magnetic beads coupled with an anti-synapsinIII antibody were used for the separation of synapsinIII + cells as described above. BrdU assay for cell proliferation. NPCs grown onto the cover slips were incubated in their respective media containing 100 mM BrdU (Sigma) for 12 h at 37
• C. Then the cells were washed and subjected to BrdU immuno-labeling described above.
Antigen assay using an antibody array. A 100 µl individual antibody [anti-brain fatty acid-binding protein (BFABP), -Ki67, -glial fibrillary acidic protein (GFAP), -nestin, -vimentin, -Sax2, -βIItubulin, -βIIItubulin, -synapsinIII, -polysialylated (PSA) neural cell adhesion molecule PSA-NCAM, -neuronal marker protein N (NeuN), -microtubule associate protein-2 (MAP 2 ), -oligodendroglioma-3 (O 3 ), -O 4 , -neuroglycan-2 (NG 2 ), -CD44 antibodies] was applied to the ELISA well surface and incubated overnight at 4
• C. The antibody is fixed to the surface to render it immobile. The plate wells or other surface is then coated with a blocking buffer (Pierce Scientific). The plate was stored refrigerated for up to 4 weeks.
For analysis, plates were removed and warmed to the room temperature. A 100 µl of the sample was added into each well and the plate was incubated at 4
• C overnight. Then the samples were decanted and the plate was washed three times using a washing buffer (Tris buffer with Tween and 350 mM NaCl 10× stock solution pH value: pH 7.2 ± 0.2). The alkaline phosphate-coupled second antibody was added to the wells and the plate was incubated for 2 h. Then the plates were washed and each well received 0.01 M/l p-nitrophenylphosphate as the substrate. The plate was developed at room temperature for 1 h and absorbance was measured at 460 nm. For quantification, different concentrations of p-nitrophenol were added in the wells and absorbance was measured. A standard curve was prepared by plotting concentration on the x-axis and absorbance on the y-axis. Samples were quantified using the curve.
Flow cytometry and cell counting. Enumeration of GABA receptor (GABA R ) and metabotropic Glu receptor (mGlu R ) positive cells were assessed using flow cytometry and fluorescence-activated cell sorting (Becton-Dickinson) as previously described (Singh and Jiang, 2003) . The cells collected according to the time line described above were labeled using anti-GABA R and anti-mGlu R antibodies. Then the cells were stained with an appropriate second antibody For fluorescence-activated cell sorting (FACS), NPCs (1 × 10 6 ) were washed in PBS and transferred into a 12 × 75 mm tube containing 100 µl of PBS supplemented with 2% newborn calf serum (NCS) and 0.1% sodium azide (NaAz). The samples were mixed for 1 min. The cells were incubated with appropriate amounts (Table 1 ) of antibodies for 4 h at 20-25
• C. The cells were washed once with 2 ml of 1× PBS and centrifuged at 250 × g for 5 min. The supernatant was removed and 100 µl of appropriate secondary antibody (from the species first antibody was raised in) coupled to a fluorescence probe was added. Samples were incubated for 1 h at 4
• C. Then, the cells were washed with 2 ml of PBS and centrifuged at 250 × g for 5 min at 4
• C. The cells were resuspended in 0.5 ml of 1× PBS at pH 7.2 containing 0.02% of saponin and 10 µg/ml of actinomycin D (1%) and were placed on ice for at least 10 min before acquisition on the flow cytometer (FACSAria, lasers 488, 633 and 407 excitations). Photomultiplier voltage and spectral compensation were set using secondary single-stained cells with the antibodies shown in Table 1 . A maximum of 10 000 events were collected on each sample.
Assessment of synaptogenesis
Plasmids. Earlier studies have shown that nuclear receptor (Nurr) over-expression allowed differentiation of progenitor cells to generate pre-and post-synaptic neurons expressing tyrosine hydroxylase and dopamine receptors (Sakurada et al., 1999) . Thus, we transfected the progenitor cells with the Nurr gene that was amplified from the brain cDNA library (Stratgene, CA, USA) using the following primers (sense) 5 Xba1, 5 -AAAATCTAGACCGCCACCATGGATATGCA-CTGCAAAGCAGAC-3 , and (antisense) 3 BglIII, 5 -AAAA GATCTTTAGAAAGGTAAGGTGTCCAGGAA-AAGTTTG-3 . The thermal cycling conditions used were 94
• C for 10 min; 30 cycles of 94
• C for 1 min, 55
• C for 2 min, and 68
• C for 2 min; and a final 70
• C for 10 min. The PCR products were digested with Xba1 and BglII restriction enzymes and cloned into the pGL2basic reporter plasmid (Promega, Madison, WI, USA). The sequence was verified by automated sequencing. For transfection, a 7.5-to 10-µg sample of the Nurr1-pGL2basic reporter plasmid or blank plasmid and 1-4 µg of a β-galactosidase expression plasmid (Promega) were used for transfection assays.
Transfection using nucleofection (Amaxa Biosystem, Gaithersburg, MD, USA) . Progenitor cells (3-4 × 10 6 cells) were suspended in 100 µl of the rat Nucleofector TM solution at room temperature. The cells were mixed with 2 µg of DNA, transferred into an Anaxa cuvette and transfected with the program A-33. Immediately after transfection, 500 µl of the 37
• C pre-warmed culture medium was added, and cells were plated onto PORN/laminin-coated cover slips at a final concentration of 100 000 cells/well in a medium described earlier. The transfected NPCs were grown using media described earlier.
The newly formed cells were immuno-labeled using antibodies listed in Table 1 .
Calcium signaling-measurement of intracellular Ca 2+ ions. NPCs and growing cells were incubated with 6 µM Fura2-acetoxymethyl ester (Fura2-AM) in Hanks' buffer (in mM: NaCl 137, KCl 5, NaH 2 PO 4 0.3, MgSO 4 0.8, MgCl 2 1, glucose 5, glutamine 2, Tris-HCl 10) for 1 h at 37
• C. Then the cells were washed several times in Hanks' buffer at room temperature. The loaded cells (10 6 ) were incubated in Hanks' buffer with 5 mM Ca 2+ or without Ca 2+ (calcium chelated with EGTA) for 30 min at 37
• C and then stimulated with different concentrations of GABA or Glu (0-100 µM). Fluorescence was measured sequentially at 340 nm and 380 nm excitation and 450 nm emission wavelengths (Shimadzu RF-1501). For maximum fluorescence (R max ), the cells were lysed and fluorescence was measured. Then Ca 2+ was removed using EGTA and minimum fluorescence (R min ) was determined. The emissions at E 340 and E 380 were used to calculate R according to the equation R = E 340 /E 380 . The intracellular free calcium concentration was calculated according to the equation
, where R is E 340 /E 380 , R min is E 340 /E 380 in zero calcium, R max is E 340 /E 380 in the calciumsaturated solution, β is E 380 in zero calcium/E 380 in the calciumsaturated solution, and K D = 140 nM (the dissociation constant of the dye at room temperature). At the end of this procedure, 5 mM MnCl 2 was added to the bath to quench the fluorescence of the dye and determine the background values.
Electrophoretic mobility shift assay (EMSA). NPCs were lysed by a 10-min hypotonic treatment on ice in the lysis buffer [10 mM HEPES (pH 7.9), 10 mM KCl, 1.5 mM MgCl 2 , 0.5 mM dithiothreitol (DTT), 0.5 mM phenylmethylsulfonyl fluoride (PMSF), 10 µg of leupeptin per ml, 10 µg of aprotinin per ml] followed by 15 s of homogenization. The extracts were then centrifuged at 4
• C for 10 min at 10 000 × g. The pellet was washed once with the ice-cold lysis buffer and resuspended in two volumes of incubation buffer [20 mM HEPES (pH 7.9), 0.42 M NaCl, 1.5 mM MgCl 2 , 0.2 mM EDTA, 0.5 mM DTT, 25% glycerol, 0.5 mM PMSF, 10 µg of leupeptin per ml, 10 µg of aprotinin per ml]. The suspension was frozen at −70
• C for 10 min, thawed slowly and incubated on ice for 15 min. The samples were centrifuged at 10 000 g at 4
• C for 15 min. The supernatants representing the nuclear extract were collected and used for EMSA.
The probes used in this study were the wild-type probes (5 -CTGGAGCCGGCTGCGCTTT-GATAAGGTCCTGGC-3 and 5 -GCCAGGACCTTATCAAAGCGCAGCCGGCTCCA G-3 ) and the mutated probes (5 -CTGGAGCCGGCTG CGCTTTC GCAAGGTCCTGGC-3 and 5 -GCCAGGAC CTTGCGA-AAGCGCAGCCGGCTCCAG-3 ). The probes were end labeled with [γ -32 P]ATP and T4 polynucleotide kinase. The binding reaction mixture contained 50 000 cpm of 32 P-labeled oligonucleotides and 10 µg of nuclear extract in the EMSA buffer [60 mM KCl, 0.5 mM DTT, 15 mM Tris (pH 7.5), 0.25 mg of bovine serum albumin, 0.5 mM PMSF, 10 µg of leupeptin per ml, 10 µg of aprotinin per ml, 50 ng of poly(dI-dC) per ml]. The samples were incubated for 30 min at 25
• C, and DNA-protein complexes were separated in 5% native acrylamide gels (in 0.5× Tris-buffered EDTA buffer) and visualized by autoradiography.
Relative gene expression-fluorescence real-time quantitative RT-PCR
RNA extraction. The RNeasy mini kit (Quiagen) was used according to the manufacturer's instructions. We used cells by guest on October 6, 2016 Downloaded from Table 2 . Primers and probes for Wnt3a internal RNA control
ranging from 1 × 10 4 to 2 × 10 6 for RNA extraction. Samples were vortexed for 1 min to shear genomic DNA before loading onto the RNeasy mini columns, and then eluted in a minimum volume of 30 µl and a maximum volume of 2 × 50 µl RNAse-free water. RNA obtained with this procedure was essentially free of genomic DNA. If necessary, a DNAse I treatment, followed by phenol extraction and ethanol precipitation, was applied to remove traces of contaminating DNA.
Reverse transcription. Purified RNA was reverse transcribed in the presence of 5 mM MgCl 2 , 1× PCR Buffer II, 1 mM dNTPs, 25 U Reverse Transcriptase, 1 U RNAguard Ribonuclease inhibitor (Amersham Pharmacia Biotech, Uppsala, Sweden), 2.5 µM Random hexamers in a final reaction volume of 20 µl. All reagents were from PE Applied Biosystems except when otherwise specified. Reactions were carried out at 42
• C for 30 min in a Gene Amp PCR system 9600 (PE Applied Biosystems), followed by a 10-min step at 99
• C to denature the enzyme, and then by cooling to 4
• C. PCR primers and probes. The primers and probes are listed below. Reverse 5 -TGTCTCTC-GGCTGCCTATTT-3 Probe 5 -FAM-GCAGCACA-GTGGACAACACT-TAMARA-3 .
Internal control RNAs. To construct internal RNA control, the forward (P1, Table 2 for Wnt3 as an example) and reverse (P2, Table 2) primers for each mRNA were modified to include respective primers for the pGEM-3Z plasmid sequence (probes P3 and P4, Table 2 ). The pGEM-3Z plasmid was amplified using P3 and P4. The amplification product contained the pGEM03Z sequence with Wnt3a primers at 5 end [(Wnt3a(P1)/pGEM-3Z/Wnt3a(P2)]. Then a new primer was constructed by adding the T7 phage promoter sequence followed by six additional bases to 5 end of Wnt3a forward primer. Amplification of [(Wnt3a (P1)/pGEM-3Z/Wnt3a (P2)] with T7 containing forward primer and P2 Erg1 reverse primer yielded T7/Wnt3a (P1)/pGEM-3Z/Wnt3a (P2) that was transcribed using the T7 MEGA-script in vivo Transcription kit (Ambion, TX, USA) for large-scale synthesis of RNA according to the manufacturer's protocol. After incubation, the DNA was degraded with RNase-free DNase I and the RNA was recovered by extraction with phenol/CHCl 3 followed by isopropanol precipitation. The RNA precipitate was washed three times in 75% ethanol and the concentration was determined using a spectrophotometer.
The following master mix was prepared and kept on ice: PCR buffer 10× 5 µl, dNTP mixture (10 µM) 1 µl, sense and antisense primers (10 pmol/µl) 1 µl each, MgCl 2 (25 mM) 3 µl, water 37.49 µl and Taq polymerase 0.3 µl. A 49 µl of the master mix was added to each PCR tube and kept on ice. Still on ice, 1 µl of cDNA sample was added and the sample was placed in a thermocycler programmed as follows: 94
• C for 4 min, 30 cycles of 94
• C (45 s) to 59
• C (60 s) to 72
• C (90 s), and a final incubation at 72
• C for 30 min. Aliquots of 7 µl were removed following different numbers of cycles and the samples were kept on ice. The last aliquot to be collected along with the negative controls was run on an ethidium bromide stained 2% agrose gel and visualized under UV light.
Real-time quantitative RT-PCR. The cDNA was amplified and quantified using a real-time PCR machine (iCycler, Biorad). The 96-well optical trays held 25 µl samples containing ddH 2 O, supermix (containing dNTP, MgCl 2 , reverse transcriptase and primer pair, the probe and cDNA or control cDNA for quantification; final concentration of the primer pairs: 0.2 µmol/l). Real-time fluorescence was detected and the C t -value was calculated for each sample. The PCR was programmed as follows: following initial denaturation at 94
• C for 2 min, the samples were amplified by 40 cycles of denaturation at 94
• C for 15 s, annealing at 57
• C for 30 s and extension at 72
• C for 30 s. Melting curves for the 2 amplicons were performed from 50
• C to 94 • C after the last PCR cycle. The melting points confirm the pureness of the amplicons. The sizes of the amplicons (PCR products) were confirmed by running 1 µl of the reaction solution from the real-time PCR on a 1% agarose gel stained with ethidium bromide. Then, fluorescence was plotted against cycle number on a logarithmic scale. A threshold for detection of fluorescence above background was determined. The cycle at which the fluorescence from a sample crosses the threshold was calculated. Since the quantity of DNA doubles every cycle during the exponential phase, relative amounts of DNA can be calculated, e.g. a sample whose C t is three cycles earlier than another's has 8 times (2 3 ) more template.
For quantitative analysis, 1 × 10 to 1 × 10 5 copies for standard cDNAs were applied in duplicate in each run. Standard curve was prepared for the starting quantity of standard cDNA and mRNA in test samples was calculated using the curve (Singh et al., 2007) .
Statistical analysis. Statistical analysis was performed using SPSS software version 11 (SPSS, Inc., Chicago, IL, USA). The data are presented as a mean ± standard deviation. Significant differences between groups were compared by twoway ANOVA, the factors being developmental stages and experimental groups. One-way ANOVA was followed by Turkey's or Duncan's post hoc test. P value <0.05 was considered statistically significant.
RESULTS

Body weight
Weight gain by the AC o and AE o pups did not differ significantly. At day 70, the AC o and AE o pups weighed 270 ± 30 and 261 ± 27, respectively.
Blood ethanol and acetaldehyde concentrations
Average ethanol concentrations in AC o and AE o mothers, at 1 week from start of ethanol or control diet feeding, were 13 ± 2 and 107 ± 17 mg/dl, respectively. Average acetaldehyde concentrations in AC o and AE o mothers were 9 ± 1.5 and 203 ± 17 mg/dl, respectively. Blood ethanol and acetaldehyde concentrations in 1-week-old AE o pups were 195 ± 21 and 230 ± 17 mg/dl, respectively. In 3-week-old pups, when rats received milk from their mothers, the concentrations decreased slightly (170 ± 13 and 157 ± 11 mg/dl). As the pups matured, blood ethanol concentrations decreased to ∼25 mg/dl.
Brain CRF concentrations
The average CRF concentration in the brain of AE o mothers was significantly higher than those in the brain of AC o mothers (Fig. 2) . However, CRF concentrations in AC o and AE o offspring, at the age of 70 days, did not differ significantly (Fig. 2) . This suggests that the AC o or AE o offspring did not experience excessive stress.
Characterization of progenitor cells differentiation
In crude progenitor cells isolated from the brains of AC o and AE o rats, two types of progenitor cells were identified: GFAP + prominin1 + CD11 − cells (Fig. 3Ai, D) and GFAP + prominin1 + CD11 + cells (Fig. 3Aii, E) . Further purification using anti-CD11 antibodies separated prominin1 + CD11 + (Fig. 3B, F) and prominin + CD11 − (Fig. 3C , G) cells. However, the density of the progenitor cells was lesser in the brain of AE o rats than in the brain of AC o rats (Fig. 4) . Freshly collected NPCs or NPCs growing in vitro for up to 29 days were lysed and the protein fraction was analyzed using an antibody array shown in (i). For standard, known concentrations of purified proteins listed in (i) were mixed and analyzed using the array (ii). A: freshly isolated NPCs from the brains of AC o and AE o rats. B: AC o and AE o NPCs were cultured in the Cm1 medium for 7 days. C: NPCs were cultured in Cm1 for 7 days and then in Cm2 for 10 days (total culture days-17). D: NPCs were grown in Cm1 for 7 days, Cm2 for 10 days and Cm3 for 12 days (total culture days-29). E and F: NPCs were grown in Cm1 for 7 days, Cm2 for 10 days and Cm4 for 12 days (total culture days-29). Then, astrocytes and neurons were separated using magnetic beads containing anti-GFAP antibodies. Astrocytes (E) bound, while neurons (F) did not bind the beads. G: AC o and AE o NPCs were grown in Cm1 for 7 days and Cm2 for 10 days. Then, synapsinIII + cells were isolated using magnetic beads containing anti-synapsinIII antibodies. The synapsinIII + cells were analyzed for the presence of other antigens (iii). (Fig. 5G) . Thus, synapsinIII + cells from AE o NPCs at culture day 17 exhibited the presence of glial markers.
Development of pre-and post-synaptic neurons-synaptogenesis
Progenitor cells grown in Cm1-Cm4 media differentiated into neurons and oligodendrocytes but did not form functional synapses (data not shown). However, the cells transfected with plasmids expressing Nurr1 and Mus1 genes (Fig. 7A) formed neuron-neuron contact and functional synapses (Fig. 7B) . The Nurr1 and Mus1 over-expressing cells from the brain of AC o rats yielded pre-synaptic ( Nurr1 and Mus1 over-expressing cells from the brain of AE o rats yielded pre-synaptic (Fig. 7B, (Figs. 9A and 11B, plot 1) .
The GABA-induced increase in Ca 2+i was not modulated by the absence (Figs. 9A and 11A, plot 1) (Fig. 11A) . The lag-time between cell stimulation and an increase in Ca 2+ increased as the cells matured (Fig. 10A ). Glu stimulation did not affect Ca 2+ in cells up to culture day 7, followed by a slight increase at culture day 17 and a large increase at day 29 (Figs. 10A and 11B, plot 3) .
Extracellular calcium did not affect the GABA-induced increase in Ca 2+i (Figs. 10B and 11A, plot 4) but enhanced the Glu-induced increase in Ca 2+i (Fig. 11B , plot 4) in growing progenitor cells isolated from the brains of AE o rats. However, the Glu-induced increase in AC o samples was significantly greater (Fig. 11B, plot 2) than that in AE o samples (Fig. 11B, plot 4) . Dose-response. Figure 12A shows the dose-response curves for an increase in Ca 2+i in progenitor cells isolated from the brain of AC o rats and grown in vitro for 29 days. Glu did not increase (plot i), while GABA significantly increased (plot ii) Ca 2+i in the fresh NPCs or cells at culture day 1. Extracellular calcium did not affect the Glu-induced increase in Ca 2+i in day 1 cells (plot iii). Glu significantly increased (plot iv), while GABA did not (plot v) increase Ca 2+i in the cells at culture day 29. An increase in extracellular calcium increased the Glu-induced Ca 2+i (plot vi). Exposure of the cells at day 29 to a combination of Glu and GABA (50 µM) significantly suppressed the Gly-induced increase in Ca 2+i (plot vii). Figure 12B shows the dose-response curves for an increase in Ca 2+i in progenitor cells isolated from the brain of AE o rats and grown in vitro. Similar to the AC o cells, Glu did not increase than that observed for corresponding AC o cells (Fig. 12B , plot vi). Exposure of the cells at culture day 29 to a combination of Glu and GABA (50 µM) although suppressed the Gly-induced increase in Ca 2+i (Fig. 12B, plot vii) , the degree of suppression was less than that observed for the AC o samples (Fig. 12B, plot  vii) .
EMSA studies. This study also showed two supershift bands (bands i and ii, Fig. 13 ) when the anti-β-catenin antibody was used. Binding of β-catenin to the probe was most intense at culture day 1 that declined gradually in samples from both AC o and AE o rats. Lowest binding was observed in cells at culture day 29. Then, in AC o , but not in AE o samples, an increase in the binding occurred (Fig. 13, AC o ) .
Wnt3, Wnt5a and Wnt11 mRNA concentrations (Fig. 14) . In NPCs from AC o and AE o rats, Wnt3 and Wnt5a mRNA concentrations increased significantly at culture day 1 and remained elevated for up to culture day 7. Thereafter, the mRNA concentrations decreased significantly with lowest values occurring at culture day 21. In samples from AC o rats, Wnt3 and Wnt5a mRNA concentrations increased significantly at culture days 27 and remained elevated for up to day 34. In samples from AE o rats, the mRNA concentrations did not increase at day 27, but remained suppressed for up to culture day 32. Wnt11 mRNA concentrations were low in AC o and AE o NPCs for up to culture day 14. Then, the mRNA concentrations in AC o and AE o NPCs increased significantly and peaked at day 27, although the values in AC o NPCs were significantly greater than those in corresponding AE o NPCs. The values decreased thereafter.
DISCUSSION
Proliferation and differentiation of progenitor cells
Prenatal and early neonatal ethanol exposure has been shown to impair cognition and behavior during adult age, possibly by altering hippocampal integrity and impairing generation of new neurons from hippocampal NPCs (He et al., 2005; Bookstein et al., 2006; Crews et al., 2006; Nixon, 2006; Ieraci and Herrera, 2007; Klintsova et al., 2007) . The present study showed that hippocampus samples from the brain of adult control (AC o ) rats contained NPCs that differentiated into neurons, astrocytes and oligodendrocytes as shown in Fig. 1 (Chou et al., 2003; Bani-Yaghoub et al., 2006; Wang et al., 2006; Hattiangady et al., 2007) , (ii) BFABP is a marker of radial glial cells (Kurtz et al., 1994) and (iii) Ki67 detects proliferating cells (Duchrow et al., 1995) + . At culture day 29 also, the AE o NPCs retained glial markers. These observations suggest that NPCs from the brain of ethanolexposed rats retained glial characteristics.
An earlier study has shown that the synapsinIII + cells colocalized nestin, PNCAM, NuN and βIItubulin but not the marker of mitosis, Ki67 (Kao et al., 2008) . The present study also showed that the synapsinIII + cells from AC o NPCs at culture day 17 exhibited nestin, PNCAM and βIItubulin but not NuN. However, synapsinIII + cells from AE o rats exhibited nestin, PNCAM and GFAP. Expression of nestin and PNCAM was greater in AE o samples, while expression of βIItubulin and synapsinIII were greater in AC o samples. Since βIItubulin induces differentiation of NPCs into immature neurons and synapsinIII regulates progression of neural cells (Kao et al., 2008) , the present observation further suggests that ethanol exposure delayed differentiation of the NPCs into neurons.
Synaptogenesis
Mus1 and Nurr1 transfected but not wild-type AC o NPCs formed neuronal networks containing pre-synaptic neurons (characterized by synaptophysin, Halim et al., 2003; Kaneko et al., 2000) and post-synaptic neurons identified by GABA receptor, NMDA receptor (NMDA R ) and Glu R (Sheng and Kim, 2002; Sheng and Hoogenraad, 2007 and relatively lower density of post-synaptic-type neurons in vitro. Thus, ethanol exposure, limited to the early development, delayed or suppressed formation of post-synaptic neurons from NPCs. Recent studies have shown that new synapses are formed in the adult brain in response to sensory stimulation or injury (Jessberger and Kempermann, 2003; Elvsashagen and Malt, 2008) and that formation of new synapses are associated with an increase in the expression of a number of genes including, but not limited to, BDNF, CREB, Nurr1 (Nur-related factor 1), nestin (Sakurada et al., 1999; Huang and Reichardt, 2001; Shim et al., 2007) and Wnt proteins, in combination with Mash1, neurogenins (Ngns) and NeuroD (Park et al., 2006a (Park et al., , 2006b ). Since ethanol drinking has been shown to downregulate BDNF, GDNF and synapsinIII (Janak et al., 2006; Joe et al., 2007) , we propose that ethanol exposure during early development may impair the signaling mechanism that regulates synaptogenesis.
The functionality of synapses formed from adult-brain NPCs in vitro was studied by measuring GABA-induced and Gluinduced increase in Ca 2+i . Studies have shown that GABA neurons play a central role in neuronal migration and circuit formation (Kriegstein and Owens, 2001; Owens and Kriegstein, 2002; Ben-Ari et al., 2004 . In adult nervous system GABA neurons form an inhibitory synapse that hyperpolarizes the post-synaptic site. However, in NPCs and immature neurons, GABA acts as an excitatory neurotransmitter that depolarizes the post-synaptic site and induces proliferation and differentiation (Owens and Kriegstein, 2002) . At later stages of synaptic development, as Glu and dopamine neurons develop, GABA neurons acquire inhibitory properties (Crandall et al., 2007) . The present study showed that AC o neuroblasts contained GABA receptors that increased Ca 2+i by mobilizing Ca 2+ from intracellular stores, possibly through IP 3 gated mechanism (Berridge et al., 1999) and that AC o mature neurons formed synapses containing GABA and Glu neurons in which GABA inhibited the Glu-induced increase in Ca 2+i . In mature neurons originating from AE o NPCs, GABA caused poor increase in Ca 2+i and did not effectively suppress the Gluinduced increase in Ca 2+i . AE o neuroblasts were more sensitive than AC o neuroblasts to GABA-induced increase in Ca 2+i . Conversely, mature neurons from progenitor cells of AC o rats were more sensitive to Glu-induced increase in Ca 2+i than mature neurons from progenitor cells of AE o rats. This suggests that mature neurons originating from the AE o progenitor cells had poorly developed a negative relationship between GABA and Glu neurons, possibly because ethanol exposure may have suppressed synaptogenesis.
Wnt-β-catenin signaling
Wnt glycoproteins, via their canonical and non-canonical signaling, play an important role in regulation of proliferation, patterning and fate of NPCs (Ciani and Salinas, 2005; CasteloBranco et al., 2006) . According to the canonical pathway, Wnt proteins, such as Wnt3/5a, bind to LRP5/6 and frizzled (Fzd) receptors leading to an activation of disheveled (dvl) that in turn disassembles a protein complex which, when assembled, degrades β-catenin (Korinek et al., 1998; Bhanot et al., 1999; Fagotto et al., 1999; Wang et al., 2003; Gordon and Nusse, 2006; Bryja et al., 2007; Hu et al., 2007) . Free β-catenin acts as a transcription factor that, upon entering the nucleus, interacts with TCF gene and promotes gene expression (Brunner et al., 1997; Daniels and Weis, 2005; Chen et al., 2007) . Apart from stabilizing β-catenin, Wnt proteins also act via non-canonical pathways (Ouko et al., 2004; Fradkin et al., 2005) , including activation of extracellular signal-regulated kinase (ERK) and RelA-p50, and increases Ca 2+ mobilization from intracellular stores, leading to a modulation of the β-catenin-induced lymphoid enhancer binding factor/T-cell-specific factor (Lef/TCF) gene expression (Zhang et al., 2007; Hardy et al., 2008) . Earlier observations that (1) inhibition of Wnt proteins altered neuronal differentiation of stem cells (Haegele et al., 2003) and (2) ethanol exposure has been shown to impair differentiation of progenitor cells indicate that ethanol exposure may modulate Wnt signaling in progenitor cells.
The present study showed that (1) Wnt3 and Wnt5a mRNA concentrations in growing AC o NPCs exhibited a biphasic (peak values observed at day 1 and day 27) increase and (2) Wnt11 mRNA concentrations increased at culture day 14, peaked at day 27 and then declined significantly. Since AC o NPCs began to proliferate at day 1 and differentiate after day 21, we propose that an increase in Wnt3 and Wnt5a mRNAs without Wnt11 may be associated with proliferation, while a concomitant increase in Wnt3, Wnt5a and Wnt11 mRNAs may induce differentiation in NPCs as previously suggested (Koyanagi et al., 2005; Flaherty et al., 2008) . The present study also showed that NPCs from AE o rats (1) exhibited an increase in Wnt3 and Wnt5a mRNAs concentrations at day 1, but not at day 27 and (2) Wnt11 was only slightly increased at day 27. This may be associated with the adverse effects of ethanol on NPCs' proliferation and differentiation. Earlier studies have shown a differential effect of ethanol on MAPK and Ca 2+ signaling, including p38-induced activation of phospholipase D and cGMP-induced activation of phospholipase C (Roivainen et al., 1994 (Roivainen et al., , 1995 Charness et al., 1988; Levine et al., 2000) that induced IP 3 mobilization and Ca 2+ release from intracellular stores (Kim et al., 1993) . Since MAPK and Ca 2+ signaling are essential components of non-canonical Wnt signaling (Zhang et al., 2007; Hardy et al., 2008) , we propose that ethanol may impair the non-canonical Wnt pathways.
The possible role of β-catenin signaling in the development of ethanol-induced neurogenesis abnormalities was studied by measuring the binding of β-catenin to a probe representing the TCF gene's protein-binding domain. The β-catenin-probe binding was not detected in the basal progenitor cells. A significant elevation in β-catenin-probe binding was observed at culture day 1 of the AC o progenitor cell incubation in Cm1. Then, the binding decreased gradually for up to culture day 17. Thereafter, when the cells were grown in the Cm3 or Cm4 medium, a further increase in the β-catenin-probe binding occurred. The AE o progenitor cells, grown similar to the AC o progenitor cells, exhibited a comparable initial increase but attenuated a second increase in the β-catenin-probe binding. This suggests a biphasic increase in free β-catenin: an immediate increase may be associated with progenitor cells' proliferation and self-replication, while the later increase may be associated with differentiation and synaptogenesis. The observation that progenitor cells from the AE o brain did not exhibit the delayed increase in β-catenin may be associated with impaired synaptogenesis in vitro (Fig. 15) .
In conclusion, this study showed that hippocampal neurogenesis is a potential target of alcohol exposure during early by guest on October 6, 2016 Downloaded from Fig. 15 . Canonical and non-canonical Wnt-β-catenin pathways. Canonical pathway: in the absence of Wnt protein, β-catenin forms a complex with adenomatous polyposis coli protein (APC), glycogen synthase kinase-3β (GSK-3β), Axin and dishevelled (Dsh). The complex activates GSK-3β and phosphorylates β-catenin. Phosphorylated β-catenin (β-catenin (P)) is degraded via the ubiquitin pathways. Wnt proteins bind to the Frz/LRP//Dsh complex and activate casin kinase-ε (CKIε) that phosphorylates GSK3 leading to its degradation. This results in formation of Axin, Das, Apc, CKIε and β-catenin complex that prevents β-catenin degradation, resulting in translocation of free β-catenin into the nucleus. Non-canonical pathway: many Wnt proteins such as Wnt 5a and Wnt11 activate MAPK-inducible and/or Ca 2+ -inducible genes that induce differentiation either directly or by modulating the canonical pathways. development adulthood. A significant feature of neurogenesis is that immature GABA neurons are excitatory and GABA causes depolarization (Ben-Ari et al., 2007) . As neurons mature, GABA's action shifts from excitatory to inhibitory (BenAri et al., 2007 , Ge et al., 2007 . The functional shift in GABA's action correlated with the development of mGlu and dopamine neurons that have been shown to modulate GABA activity. These sequential neurochemical changes are essential for normal neurogenesis and synaptogenesis (Ge et al., 2007) . Earlier studies have shown that alcohol drinking increased the brain GABA levels and up-regulated GABAergic signaling in the CNS (Silberman et al., 2005 , Zhu and Lovinger, 2006 ). An increase in GABAergic activity will increase the inhibitory action in adult CNS but increase the excitatory action in immature neurons resulting in abnormal synapse maturation and/or an increase in neuronal death via apoptosis (Andres et al., 2005) . The ethanol-induced up-regulation of GABAergic activity may impair hippocampus development and neurogenesis.
